In this study we have investigated the role of cAMP-dependent protein kinase A (PKA) in the induction of the early mesodermal marker genes goosecoid and no tail by activin in zebrafish embryos. We show that upon treatment with activin, zebrafish blastula cells exhibit a rapid and transient increase in PKA activity. In these cells, activin rapidly induces the expression of the immediate early response genes goosecoid and no tail. Stimulation and inhibition of PKA by activin, respectively, enhances and reduces the induction of goosecoid and no tail mRNA expression. Similar effects of PKA stimulation and inhibition on the induction by activin of a 1.8 kb zebrafish goosecoid promoter construct were observed. The induction by activin of a fragment of the zebrafish goosecoid promoter that mediates an immediate early response to activin is blocked by inhibition of PKA. Activation of PKA alone has no effect in these experiments. Finally, inhibition of PKA in whole embryos by overexpression of a dominant negative regulatory subunit of PKA reduces the expression of no tail and goosecoid, whereas the expression of even-skipped1 remains unaltered. Overexpression of the catalytic subunit of PKA in embryos does not affect expression of goosecoid, no tail or even-skipped1. These data show that in dissociated blastulae, PKA is required, but not sufficient for activin signalling towards induction of goosecoid and no tail. In intact zebrafish embryos, PKA contributes to induction of goosecoid and no tail, although it is not required or sufficient.
Introduction
The induction and early patterning of embryonic mesoderm is governed by the concerted action of secreted molecules, providing cells with signals which direct their fate towards a mesodermal cell type. Important mediators of these signals are members of the TGF-b superfamily of growth factors, such as Vg1, activin and bone morphogenetic proteins (reviewed in Kessler and Melton, 1994; Lemaire and Kodjabachian, 1996) . Although the role of activin and activin-related molecules in the process of mesoderm induction has been studied extensively, and the available knowledge has been accumulating rapidly, many aspects of their downstream signalling have not yet been clarified (Padgett et al., 1998) . These signalling events represent the first steps in the translation of the activin signal into nuclear responses, resulting eventually in differentiated mesodermal cells. Therefore, elucidation of components of this signalling cascade is essential for understanding the process of mesoderm induction.
Receptors for activin and activin-related factors are members of the TGF-b superfamily of transmembrane serine/ threonine kinase receptors (reviewed in Lin and Lodish, 1993) . The mechanism of activation of TGF-b receptors by their cognate ligand has been elucidated (Wrana et al., 1994; ten Dijke et al., 1996) . Briefly, binding of TGF-b to a type II receptor on the cell surface results in the recruitment of a type I receptor, which is subsequently phosphorylated by the constitutively active type II receptor. This phosphor-ylation event activates the type I receptor, which in turn transmits the signal to downstream substrates. Based on structural homology within this family of receptors, it is assumed that this mechanism applies to all members of the family of serine/threonine kinase receptors (Wrana et al., 1994) . Recently, a family of proteins related to Drosophila Mothers Against Dpp (Mad) has been identified that are translocated into the nucleus upon stimulation of TGF-b signalling and that act downstream of TGF-b signalling (Massagué, 1996; Baker and Harland, 1997; Padgett et al., 1998) .
Activin is a potent mesoderm inducer in Xenopus animal caps (Asashima et al., 1990) . Treatment of animal caps with activin results in the rapid induction of early mesodermal genes, such as goosecoid (gsc) (Cho et al., 1991) and brachyury (Xbra) (Smith et al., 1991) . Activin mediated mesoderm induction in Xenopus animal caps requires an intact FGF signalling cascade, which is supported by several lines of evidence. First, overexpression of a dominant negative FGF receptor blocks at least certain aspects of activinmediated mesoderm induction in Xenopus animal caps (Cornell and Kimelman, 1994; LaBonne and Whitman, 1994) . Second, a dominant inhibitory variant of p21ras, which acts downstream of the FGF receptor, blocks mesoderm induction by both activin and bFGF (Whitman and Melton, 1992) . In Xenopus, endogenous activity of MAP kinase, which is a serine/threonine kinase that acts downstream of ras, appears to be FGF receptor-dependent (LaBonne and Whitman, 1997) . Third, inhibition of MAP kinase activity by overexpression of a MAP kinase inactivating phosphatase, blocks mesoderm induction by activin and bFGF (Gotoh et al., 1995; LaBonne et al., 1995; Umbhauer et al., 1995) . Although these pathways appear to be required for activin signal transduction, activin itself does not stimulate MAP kinase activity directly (Graves et al., 1994; Hartley et al., 1994; LaBonne and Whitman, 1994) .
The involvement of the ras signalling cascade in mesoderm induction led us to investigate whether other well established signal transduction pathways may play a role in activin signalling. One of the archaetypic signal transduction enzymes is cAMP-dependent protein kinase (PKA). PKA is a serine/threonine protein kinase that plays a role in a variety of biological processes. The inactive PKA holoenzyme is a tetramer consisting of two regulatory and two catalytic subunits. In response to extracellular stimuli, the second messenger cAMP is synthesized, which binds to the regulatory subunit of PKA, causing the complex to dissociate, resulting in activation of the catalytic subunits (reviewed by Lee, 1991) . The role of PKA in Dictyostelium development has been extensively studied (Devreotes, 1994) . However, little is known about its function during vertebrate embryonic development. In Drosophila, developmental defects caused by mutations in the catalytic subunit of PKA suggest that PKA is essential at a variety of developmental stages (Lane and Kalderon, 1993; Lane and Kalderon, 1995) . Several groups reported that PKA is a component of hedgehog signalling, involved in patterning of Drosophila imaginal discs (Jiang and Struhl, 1995; Li et al., 1995; Pan and Rubin, 1995; Strutt et al., 1995; Ohlmeyer and Kalderon, 1997) . Recently, a role of PKA as a component of sonic hedgehog (shh) signalling has been documented in vertebrates, i.e. overexpression of dominant negative forms of PKA in zebrafish embryos (Concordet et al., 1996; Hammerschmidt et al., 1996; Ungar and Moon, 1996) and in the mouse dorsal CNS (Epstein et al., 1996) mimics shh signalling, as judged by the induction of ectopic floor plate cells and motorneurons, as well as the transcriptional induction of shh target genes patched and gli. Although the question whether PKA and shh act in the same pathway or whether they act antagonistically, in parallel pathways, has recently been successfully addressed (Jiang and Struhl, 1995; Li et al., 1995; Ohlmeyer and Kalderon, 1997; Hammerschmidt and McMahon, 1998) , the issue has as yet not been entirely resolved.
In this paper we present evidence that PKA is a component of the signal transduction pathway triggered by activin, leading to the induction of early mesodermal marker genes in zebrafish. We show that PKA activity is transiently elevated in dissociated zebrafish blastula cells treated with activin. Our experiments indicate that PKA activity is important for the induction of the immediate early response genes gsc (Cho et al., 1991; Stachel et al., 1993) and ntl (Smith et al., 1991; Schulte-Merker et al., 1992) . The induction by activin of a 1.8 kb zebrafish gsc promoter construct is enhanced by PKA-activation, and blocked by PKA-inhibition. Importantly, the induction by activin of a zebrafish gsc promoter fragment that mediates an immediate early response to activin (Joore et al., 1996) is blocked by inhibition of PKA. Finally, we demonstrate that inhibition of PKA activity in intact embryos reduces the expression of ntl and gsc at blastula and gastrula stages, but leaves the expression of even-skipped1 (eve1) (Joly et al., 1993) , which is not responsive to activin, unaffected.
Results

Activin transiently induces PKA activity
In order to investigate the possible role of PKA in activin signal transduction, we determined PKA activity in dispersed zebrafish blastula cells incubated in the presence or absence of activin. Dispersed blastula cells serve as an excellent model in these experiments, since these cells have been shown to be highly responsive to activin, exhibiting the induction of developmentally relevant primary response genes such as axial and gsc in zebrafish (Strähle et al., 1993; Joore et al., 1996) . Since in such experiments the amount of cell material is a limiting factor, we adapted a PKC assay originally developed by Heasley and Johnson (1989) , which allowed us to determine PKA activity in 50 000 blastula cells, equivalent to approximately 10-15 dissociated embryos (see Section 4). Cells were treated with 20 ng/ml activin for 1, 2, 5 and 10 min and subsequently PKA activity was determined. Fig. 1A shows that activin caused a transient, 2.6-fold increase of PKA activity, which was maximal after 1 min (3.2 pmol/min per 50 000 cells) and decreased to basal levels within 5 min. To exclude the possibility that other kinases that phosphorylate the substrate were induced by activin, assays were carried out in the presence of 10 mM of the pharmacological inhibitor H89 or in the presence of 10 mM of the peptide inhibitor PKI, both highly specific inhibitors of PKA (Scott et al., 1985; Chijiwa et al., 1990) . Fig. 1B shows that the induction of PKA by activin was completely blocked by H89 and PKI (lanes 1-6), as was observed for 8-bromo cyclic AMP (8bcAMP) induced PKA activity (lanes 6-10). These experiments demonstrate that activin induces a rapid and transient increase of PKA activity in blastula cells, suggesting that PKA is a direct target of activin signal transduction pathways.
Effects of modulation of PKA activity on the induction of primary response genes by activin
The observation that activin induces PKA activity led us to investigate whether PKA activity is important for the induction of gsc and ntl expression by activin in dispersed blastula cells. Both ntl and gsc have been shown to be primary targets of activin in early embryos, since their expression and/or promoter activity is induced by activin in the absence of de novo protein synthesis (Schulte-Merker et al., 1992; Joore et al., 1996) . First, we determined the time course of gsc induction by activin in dispersed blastula cells. Cells were incubated with activin during various time intervals and gsc mRNA expression was assayed by RNase protection analysis. Endogenous gsc expression in dispersed blastula cells was hardly detectable (Fig. 2A) . Upon treatment of the cells with activin, induction of gsc transcripts was evident within 30 min. Strongest induction was observed over a period of 2 h, followed by a slight increase until 6 h, the latest time point analyzed ( Fig. 2A) . In further experiments, cells were treated with activin for 2 h.
To investigate the effect of activation of PKA on activin target gene induction, gsc and ntl induction was determined in dispersed blastula cells treated with a concentration series of activin (0-20 ng/ml) in the presence or absence of the PKA activator 8bcAMP. In these assays, activin induced gsc and ntl expression in a concentration-dependent manner (Fig. 2B ). In the presence of 1 mM 8bcAMP, an approximately 2-fold lower concentration of activin (already at 1-2 ng/ml) was required to invoke a similar induction of gsc and ntl as compared with cells treated with activin alone. In agreement with these results, a 2-fold increase of gsc induction by activin was observed in cells stimulated with forskolin (data not shown). In cells treated with 8bcAMP alone, no induction was observed (Fig. 2B) . Fifty thousand dissociated blastula cells were treated with 20 ng/ml activin (dots), or vehicle (triangles) for various times (indicated in minutes on the X-axis). Subsequently, PKA activity was determined as described in Section 4. Briefly, the cells were permeabilized with digitonin in the presence of a PKA peptide substrate (Maller et al., 1978) and g-[
32 P]ATP, and incubated for 10 min to allow the phosphorylation reaction to proceed. Subsequently, radioactive incorporation into the peptide substrate was determined and phosphorylation was expressed as pmol incorporated phosphate/min per 50 000 cells, as indicated on the Y-axis. Values represent the means of at least eight determinations from at least three independent experiments ± SEM. (B) The induction of PKA activity by activin is blocked by specific peptide and pharmacological PKA inhibitors. Cells were treated with 20 ng/ml activin or vehicle for 1 min, and subsequently assayed for PKA activity as described in (A) in the absence or presence of 10 mM of the peptide inhibitor PKI, or 10 mM of the pharmacological inhibitor H89 (lanes 1-5). To show the potency of these inhibitors to block PKA activity in this assay, the same experiment was repeated with 1 mM of the PKA activator 8bcAMP (lanes 6-10). Values represent the means of at least six determinations from two independent experiments ± SEM. Subsequently, the effect of inhibition of PKA activity on gsc and ntl induction by activin was examined. Cells were pre-treated for 10 min with a concentration series of the PKA inhibitors H8 (Hidaka et al., 1984) or H89 (Chijiwa et al., 1990) , incubated for 2 h with 2 ng/ml activin, followed by RNase protection analysis of gsc and ntl expression. Fig. 2C shows that H8 (lane 4) and H89 (lane 7) efficiently decreased the induction of gsc and ntl by activin at concentrations of 50 mM and 10 mM respectively, whereas lower concentrations of PKA inhibitors had less pronounced effects. The concentrations of H8 and H89 used here are considered to be highly specific for PKA (Chijiwa et al., 1990 ).
The results demonstrate that stimulation of PKA activity lowers the threshold concentration of activin required to induce gsc or ntl in dissociated blastula cells, whereas inhibition of PKA decreases the ability of activin to induce gsc and ntl, suggesting that PKA is involved in the transduction of the activin signal to the nucleus.
Effects of stimulation and inhibition of PKA activity on the induction of the gsc promoter by activin
To assess whether modulation of PKA activity directly influences transcriptional regulation of target gene promoters by activin, we investigated the effects of PKA activators and inhibitors on the induction of zebrafish gsc promoter constructs by activin. A gsc promoter reporter construct containing 1.8 kb of upstream sequences (EVELuc, Joore et al., 1996) was introduced into zebrafish blastula cells as described previously (Joore et al., 1996) . Dispersed blastula cells were incubated with activin in the presence or absence of PKA activators or inhibitors. Subsequently, promoter activity was determined and expressed as fold induction over control samples. In these assays, activin induced gsc promoter activity 2.7-fold (Fig. 3A , lane 1). Upon stimulation with 8bcAMP or forskolin, induction was increased to 4.4-and 9-fold, respectively (lanes 2 and 3). The PKA inhibitor H8 efficiently reduced induction by activin to 1.1-fold at 10 mM and to 0.5-fold at 50 mM (lanes 4 and 5). Similarly, H89 reduced activin-mediated induction to 2.2-and 1.6-fold at 2 and 10 mM, respectively (lanes 6 and 7). We have shown previously that basic fibroblast growth factor (bFGF) enhances the induction by activin of this promoter construct approximately 2-fold (Joore et al., 1996) . To test whether PKA and bFGF utilize similar pathways to modulate gsc promoter activity, the above-described series of experiments was carried out in the presence of both activin and bFGF. Treatment with activin and bFGF resulted in 5.2-fold induction of promoter activity (lane 8). Stimulation of PKA with 8bcAMP or forskolin enhanced this induction to 8.9-and 12-fold, respectively (lanes 9 and 10), whereas inhibition with 50 mM H8 or 10 mM H89 reduced the induction to, respectively, 0.5-and 3.5-fold (lanes 11 and 12). Forskolin or 8bcAMP alone had no significant effects on gsc promoter activity (lanes 13 and 14). It must be noted that the highest concentrations of the more potent PKA inhibitor in these experiments, H8, reduced promoter activity below levels observed in unstimulated cells. We believe that this reflects a suppression of promoter activity that had already been induced by endogenous activating signals in the embryo, prior to dissociation of the cells. The observation that effects of PKA activation and bFGF stimulation are additive suggests that PKA and bFGF utilize different pathways to enhance induction of gsc by activin.
As we have previously shown, the 1.8 kb zebrafish gsc promoter construct contains a small region, denoted the distal element, that mediates a response to activin in the absence of protein synthesis (Joore et al., 1996) . We The effects of PKA stimulation on the activin induction of gsc and ntl following a 2-h incubation with a concentration series of activin ([act] , indicated in ng/ml) in the absence or presence of 1 mM 8bcAMP. PKA stimulation increases the induction of gsc and ntl approx. 2-fold. Abbreviation: ntl (no tail). (C) The effects of PKA inhibitors on the induction of gsc and ntl by activin. Cells were pre-treated for 10 min with various concentrations of H8 or H89, followed by a 2-h incubation with 2 ng/ml activin. Both H8 and H89 reduced the induction of gsc and ntl expression at concentrations of 50 and 10 mM, respectively. addressed the question whether PKA activity is important for the induction of this activin response element, using a construct containing two copies of a 108 bp gsc promoter region containing this element, coupled to the herpes simplex virus thymidine kinase promoter (EVSa2tkLuc, Joore et al., 1996) . Fig. 3B shows that activin induced activity of EVSa2tkLuc 2.8 ± 0.1-fold (lane 1). Forskolin increased this induction to 3.6 ± 0.2-fold, whereas 8bcAMP had no significant effect (lanes 3 and 2, respectively). Forskolin and 8bcAMP had no effects in the absence of activin (lanes 4 and 5). The PKA inhibitor H8 (50 mM) completely blocked the induction by activin (lanes 6 and 7), whereas H89 (10 mM) significantly reduced the induction (lanes 8 and 9) . None of the activators and inhibitors had significant effects on the enhancerless tkLuc construct (lanes 10-14) .
These results demonstrate that modulation of PKA activity strongly influences the induction of the zebrafish gsc promoter by activin or by the combination of activin and bFGF. Our experiments suggest that PKA and bFGF utilize different pathways to stimulate gsc promoter activity. Furthermore, inhibition of PKA essentially blocks induction by activin of an enhancer element that mediates an immediate early response to activin. These experiments indicate that PKA activity is important for the induction of gsc transcription by activin in dispersed blastula cells, substantiating the notion that PKA is an integral part of the activin signal transduction pathway.
Inhibition of PKA reduces the expression of gsc and ntl in gastrula embryos
To extend and confirm our findings from dispersed blastula cells to the intact embryo, we investigated the consequences of inhibition of PKA as well as of constitutive activation of PKA on expression of the early mesodermal genes gsc and ntl in blastula (ca. 4.5 hpf) and gastrula (ca. 70% epiboly) embryos. As a control, we used the ventralmesoderm specific gene eve1, (Joly et al., 1993) which is not responsive to activin. We hypothesize that if the effects of PKA are related to activin responsiveness, as indicated by the experiments described thus far, expression of eve1 should remain unaltered upon modulation of PKA.
In the first set of experiments, embryos were injected at the 2-4 cell stage with 150 pg of RNA encoding a dominant inhibitory regulatory subunit of PKA (PKI), which inhibits PKA activity in vivo (Clegg et al., 1987; Concordet et al., 1996; Hammerschmidt et al., 1996) , or with a control lac-Z RNA. Injected embryos were allowed to develop to the Fig. 3 . (A) Stimulation and inhibition of PKA activity modulates the activin and/or bFGF induced activity of a 1.8 kb zebrafish gsc promoter fragment. Thirty picograms of supercoiled promoter luciferase construct were injected at the border between the yolk and the blastomeres into 2-4 cell stage embryos. Embryos were dissociated at 4 hpf and dispersed blastula cells equivalent to 2.5 injected embryo were preincubated for 30 min with PKA inhibitors (H8 or H89), or left untreated. Subsequently, cells were incubated for 2 h with growth factors and PKA activators and inhibitors as indicated at the following concentrations: activin (recombinant bovine activin A) 20 ng/ml, bFGF 20 ng/ml, 8BcAMP 1mM, forskolin 10 mM, H8 10 mM or 50 mM, H89 2 mM or 10 mM. The Y-axis represents fold induction versus untreated samples. Values represent the means of at least ten individual determinations from at least three independent experiments. Bars represent SEM. (B) Inhibition of PKA blocks the activin induced activity of the distal activin responsive element from the zebrafish gsc promoter, which mediates an immediate early response to activin. Thirty picograms of supercoiled promoter luciferase construct, containing two copies of a promoter region encompassing the distal activin responsive element from the zebrafish gsc promoter coupled to the HSV tk promoter (EVSa2tkLuc), were injected into embryos and promoter activity was determined in dissociated blastula cells. Methods, abbreviations and concentrations are as described in (A). Lanes 1-9 show results of experiments with the EVSa2tkLuc construct, whereas lanes 10-14 show results for the empty tkLuc vector. The Y-axis shows fold induction versus untreated control samples. Values represent the means of at least ten individual determinations from at least three independent experiments. Bars represent SEM. midgastrula stage (ca. 70% epiboly) and subsequently, gsc and ntl expression was determined using RNase protection analysis and whole mount in situ hybridization. Fig. 4A shows that both gsc and ntl were downregulated in embryos injected with PKI RNA, as compared to control injected embryos (1.5-and 1.6-fold, respectively). In this experiment, a significant portion of embryos injected with PKI RNA clearly showed reduced expression of gsc and ntl (32 and 25%, respectively), whereas expression in lac-Z injected embryos was indistinguishable from wild type specimens (Fig. 4B) . In the following experimental series, embryos were injected with 350 pg of PKA* RNA encoding the catalytic subunit of PKA (Orellana and Mcknight, 1990) , or RNA for PKI, or with green fluorescent protein (GFP) RNA. Embryos were allowed to develop until 4.5 hpf, or until 70% epiboly ( Table 1) . Injection of GFP RNA resulted in about 10% of embryos with weaker in situ hybridization signal for gsc and ntl. Similar variability in signal intensity was observed in uninjected embryos (data not shown). In PKI-injected embryos two tendencies were discernible. First, percentages of embryos with reduced gsc and ntl signal were higher at 70% epiboly than at 4.5 hpf, and second, the effect of PKI RNA was more pronounced on gsc than on ntl expression.
Injection of PKA* did not reduce expression of gsc or ntl. Some effect of PKA* overexpression was observed at 70% epiboly, where the percentage of embryos with decreased gsc expression exceeded the controls by 2-fold. However, at the same developmental stage, PKI RNA injection reduced the gsc signal 4-fold relative to the GFP-background level (Table 1) .
At 4.5 hpf, eve1 expression was very weak, if at all present (Joly et al., 1993) and could not be assessed (in situ data not shown). At 70% epiboly eve1 expression was normal (Joly et al., 1993) and comparable in all experimental groups (in situ hybridization data not shown, Table 1 ).
Consistent with our results in dispersed blastula cells, these experiments demonstrate that in intact embryos, inhibition of PKA activity resulted in reduced expression of early mesodermal activin-responsive genes gsc and ntl.
Discussion
PKA is involved in the induction of gsc and ntl by activin
In this study we have used activin, a potent mesoderm inducer in Xenopus animal cap assay, as an experimental mesoderm inducing factor (e.g. Green et al., 1992) . Activin has been implicated as an endogenous mesoderm-inducing factor in fish (Wittbrodt and Rosa, 1994) and in Xenopus (Dyson and Gurdon, 1997; Latinkic et al., 1997) . Several other related molecules that are expressed at the right time Fig. 4 . Inhibition of PKA activity reduces the expression of gsc and ntl at ca. 70% epiboly. Embryos injected with 150 pg of RNA encoding a dominant inhibitory regulatory subunit of PKA (PKI) or bacterial b-galactosidase RNA (control) at the 2-4 cell stage, were allowed to develop to 70% epiboly (7 hpf.) and were subsequently harvested for RNAse protection analysis or whole mount in situ hybridization analysis. (A) RNAse protection analysis on RNA from 10 injected embryos showing that inhibition of PKA reduces expression of gsc and ntl in embryos. Glyceraldehyde-3-phosphate dehydrogenase (gapdh) was used as a loading control. The experiment was repeated three times. Whole mount in situ hybridization analysis shows that gsc and ntl expression are strongly inhibited in individual embryos injected with PKI RNA, whereas control-injected embryos show a wild-type expression. As seen in the Nomarski optical section through the germ ring (perpendicular to the animal-vegetal axis) in the controls ntl is expressed throughout the germ ring, whereas in embryos injected with PKI mostly the hypoblast is devoid of ntl expression. The thickening in the germ ring represents the shield. In the lateral view, the expression of gsc is present in the hypoblast, but clearly weaker in the PKI-injected embryo. Dorsal is to the left and animal pole is up. and place in embryos also display mesoderm inducing activity, such as Vg1 (Thomson and Melton, 1993) , and BMP-4 (reviewed in Harland, 1994; Lemaire and Kodjabachian, 1996) .
We have demonstrated that dissociated zebrafish blastula cells exhibit a rapid and transient induction of PKA activity upon treatment with activin. Our data show that induction of mesodermal primary response genes by activin is sensitive to modulation of PKA activity. Several lines of evidence suggest that PKA is essential during Drosophila embryogenesis. Drosophila females, heterozygous for weak DC0 alleles, a Drosophila homologue of the catalytic subunit of PKA, produce offspring which show a variety of defects in embryogenesis, including preblastoderm arrest and alterations in cuticular patterning (Kalderon and Rubin, 1988; Lane and Kalderon, 1993) . Zygotic null mutants for the DC0 locus die as morphologically normal first-instar larvae, indicating that maternal protein suffices for embryogenesis (Lane and Kalderon, 1993) . In eye, wing and limb imaginal discs, PKA represses decapentaplegic, wingless and patched expression, genes that are involved in patterning of imaginal discs, a repression which appears to be relieved by hedgehog (Lepage et al., 1995; Li et al., 1995; Pan and Rubin, 1995) . Interestingly, there are indications that Drosophila may have an activin-like signalling pathway (Childs et al., 1993; Padgett et al., 1998) . Generation of mutants in components of this pathway may clarify some of the points raised by our experiments.
Inhibition of PKA reduces the expression of gsc and ntl in gastrula embryos
Injections of PKI RNA into zebrafish embryos resulted in a reduction of gsc and ntl expression at 4.5 hpf and 70% epiboly. The fact that this inhibition was already observed at 4.5hpf indicates that in vivo inhibition occurs at the same developmental stage as the effects of PKA-inhibition on activin-mediated gsc and ntl induction in dissociated blastula cells. These dissociated cells were, when used in our experiments, at the virtual stage of development of 4.5 hpf zebrafish embryos (see Section 4). A physiological role for PKA activity towards induction of gsc and ntl in blastula and gastrula stages seems therefore very likely, although the identity of the endogenous inducer remains unknown.
Although the effect of PKI-injections is already significant at 4.5 hpf, the reduction of gsc and ntl signals is more prominent at 70% epiboly. Augmentation and repatterning of the gsc and ntl signals in the period from 4.5 hpf to 70% epiboly, may allow for a more accurate assessment of the decrease in signal intensity. Therefore, higher percentages of embryos with reduced signal may have been scored at 70% epiboly as opposed to 4.5 hpf (Table 1) . In embryos, gsc signal appears to be more sensitive to PKI-interference, as compared with the ntl signal (Table  1 ; Fig. 4 ). This may reflect a stronger dependence of gsc on an activin-like endogenous inducer, whereas ntl is strongly induced by eFGF (Isaacs et al., 1994) . Therefore, in the signalling towards ntl, one component, the activinlike signal, would be inhibited, whereas another component of the inducing signal, FGF-signalling would remain unaffected. This could very well explain lower percentages of embryos with weak ntl signal (Table 1) , as well as the weaker effect on ntl in RNase protection assays upon inhibition of PKA (Table 1 ; Fig. 4A) . Interestingly, at 70% epiboly ntl expression in PKI-injected embryos was more strongly affected in the hypoblast (Fig. 4B) , whereas in control embryos ntl expression was present throughout the germ ring. This spatial restriction of PKI-mediated inhibition of ntl expression supports the specificity of the observed effects. Table 1 Effects of PKI, PKA* or GFP RNA injections on expression of goosecoid, no tail and even-skipped1 genes at 4.5 h post fertilization (hpf) or 70% epiboly, as evaluated by whole-mount in situ hybridization using riboprobes Since ntl transcripts are present in both ventral and dorsal mesoderm, and both regions are affected, we studied whether PKA was involved in mesoderm induction in general or whether it was in some way related to dorso-ventral polarity of the mesoderm. For this purpose we used in situ hybridization for eve1 on PKI-injected embryos. Ntl is expressed throughout the germ ring (Schulte-Merker et al., 1992; Schulte-Merker et al., 1994) , while eve1 is expressed in the ventro-lateral germ ring (Joly et al., 1993) , overlapping there with ntl. In our experiments, the ntl expression was negatively affected by PKI RNA, whereas eve1 expression was unaffected. This substantiates the notion that involvement of PKA in the induction of gsc and ntl is specific for the activin signalling pathway and that it does not differentiate between dorsal and ventral mesoderm.
As expected, overexpression of PKA* did not result in ectopic induction of gsc and/or ntl and had no effect on eve1 expression. This is in agreement with our experiments in which 8bcAMP did not induce gsc or ntl (Fig. 2B ) and in which gsc promoter constructs were not induced by 8bcAMP (Fig. 3A) . The data show that PKA is not sufficient for the induction of gsc or ntl and that another component of the activin signal, which is presumably only present in those cells which are competent to respond to activin, is required for induction of these genes.
In conclusion, in dissociated blastula cells PKA is required, but not sufficient for gsc and ntl induction. In the intact embryo, however, PKA is neither sufficient nor necessary for gsc and ntl expression. In the intact embryo the effects of PKA inhibition on gsc and ntl expression may be rescued by some alternative mechanism, which does not operate in the dissociated blastula cells.
Several simplified models, which are not necessarily mutually exclusive, may explain the observed effects of PKA inhibition on activin signalling towards gsc and ntl. The first model predicts that PKA, when stimulated by activin, phosphorylates cyclic AMP response element binding proteins (CREBPs), or related transcription factors, which subsequently stimulate the transcription from a cyclic AMP response element in, for instance, the gsc promoter (Lalli and Sassone-Corsi, 1994) . Interestingly, it has been shown that in the process of chondrogenesis, as assayed in chick limb bud micromass cultures, another TGF-b family molecule, BMP-2, induces an elevation of both PKA activity and the level of phosphorylated CREB, implicating a rise in PKA as physiological event in chondrogenic activity of BMP-2 (Lee and Chuong, 1997) . However, this model predicts that PKA stimulation would be sufficient for induction of gsc transcription. We did not observe induction of gsc promoter constructs (Fig. 3A) , nor of endogenous gsc transcripts (Fig. 2B) as a result of PKA activation alone, which argues against this model.
However, indirect branching pathways may be entering TGF-b-like signals at the transcriptional level and contribute to transcriptional regulation of the downstream targets.
For instance, SMADS have been shown to bind DNA directly, but were also found in complexes with other transcription factors such as Fast1, thus co-operatively regulating TGF-b target genes. Fast1 is a forkhead/HNF3b homologue that complexes with SMAD2 and activates an early activin response gene in Xenopus (Chen et al., 1996) . Therefore, a PKA-mediated regulation of transcription factor partners of SMADS may represent an entry point for PKA into TGF-b signalling.
In an alternative model, PKA may interact with the Ras/ MAP kinase cascade, which is involved in FGF signalling (LaBonne and Whitman, 1997) and has been shown to be important for activin-mediated mesoderm induction. This mechanism could explain our observations with PKA activators and inhibitors on activin-mediated induction of the gsc promoter, supposing that PKA modulates MAP kinase activity thereby influencing gsc promoter induction by activin. However, we have shown that activin induces PKA activity, which may, according to this model induce MAP kinase activity. It has been shown that activin does not induce MAP kinase in Xenopus animal caps (Graves et al., 1994; Hartley et al., 1994; LaBonne and Whitman, 1994) , which would argue against this model. Interestingly, recently, evidence for the role of MAP kinase pathways in regulating the activity of SMADS has been presented, but has not been confirmed to be a general aspect of TGF-b signalling (Kretzschmer et al., 1997) . PKA activation may modulate MAP kinase activity and via this intermediate step it may integrate into TGF-b signalling and affect its output.
Finally, PKA may be required for the activity of as yet unknown downstream component of activin signal transduction pathway, which is supported by the observation that in dissociated blastula cells PKA is required, but not sufficient for induction of gsc.
Materials and methods
Fish
Zebrafish were kept at 27.5°C. Embryos were obtained by natural matings and cultured in embryo medium (Westerfield, 1994 ) at 28.5-33°C. Staging of the embryos was carried out according to The Zebrafish Book (Westerfield, 1994) .
Materials
The following stock solutions (stored at −20°C) were prepared: H89 (Biomol) 10 mM in ethanol; H8 (Biomol) 50 mM in ethanol; digitonin (Sigma) 250 mg/ml in DMSO; 8-bromo cyclic AMP (Biomol) 1 M in H 2 O. Recombinant bovine activin A (a kind gift of Dr. P. de Waele, Innogenetics, Belgium) was stored lyophilized at −80°C and used as a 10 mg/ml solution in 40% (w/v) acetonitrile, 0.1% (w/v) trifluoroacetic acid. Radiochemicals were purchased from Amersham.
Preparation of dissociated blastula cells
Embryos were harvested between 3.5 and 4.0 hpf. Chorions were removed using pronase (500 mg/ml in embryo medium). Dechorionated embryos were rinsed five times in embryo medium and transferred to a small volume of calcium and magnesium-free phosphate buffered saline (PBS0). Embryos were dissociated by gentle pipetting and left for 10 min in PBS0. Cells were pelletted, washed with Leibovitz's 100% medium (L15), taken up in 250-1000 ml L15, and counted. Cells were left 30-60 min at 26°C, with occasional mixing. Before use, cells were pelletted and, depending on the experiment, resuspended at a density of 10 6 -10 7 cells/ml in L15 to which activin and/or drugs were added. Blastula cells used for the experiments would thus have been at a virtual developmental stage of 4-5 h post fertilization.
RNase protection analysis
The gsc RNase protection probe construct is described in Joore et al. (1996) . Following linearization with EcoRI, antisense a-[ 5′-ACGAATTCTCTGTCCTCCTCCGTT-GAGT ZFT2:
5′-ACGGATCCTTGTGGCGGCCGATAA-TAAT.
This PCR fragment was digested with BamHI/EcoRI and cloned into BamHI/EcoRI linearized pBluescript. The construct was linearized with XbaI and antisense RNA probes were synthesized using T7 RNA polymerase. A 154 bp StyI-AluI antisense zebrafish glyceraldehyde-3-phosphate dehydrogenase (Gapdh) probe was used as a loading control.
Dissociated blastula cells were resuspended in L15 medium at a final concentration of 10 6 cells/ml. Fifty microlitre samples containing 50 000 cells were subjected to various treatments in a final volume of 60 ml L15 medium. Following treatment, total RNA was extracted using the acid-phenol single step extraction method (Chomczynski and Sacchi, 1987) . For analysis of microinjected embryos, for each sample, total RNA was extracted from ten embryos. RNase protection analysis was performed as described previously (Joore et al., 1994) . Autoradiography was carried out with Fuji films at −80°C, using intensifying screens. Quantifications were done using a phosphorimager and ImageQuant software (Molecular Dynamics).
Microinjection of DNA and RNA, luciferase assays and whole mount in situ hybridization
Cloning of plasmids EVELuc and EVSa2tkLuc is described in Joore et al. (1996) . Supercoiled plasmid DNA (60 mg/ml in 10 mM HEPES (pH 7.0), 50 mM KCl, 0.1 mM EDTA) was injected in a volume of 0.5 nl into the region between the yolk and the blastomeres of 2-4 cell stage embryos using a Narishige microinjector. Injected embryos (typically 20-80) were grown until the late blastula stage (4 hpf), transferred to 500 ml phosphate buffered saline without calcium and magnesium (PBS0), triturated and dissociated by pulling very gently five times through a 20 g injection needle. Chorion debris was removed by filtering through a nylon mesh, which was washed with 500 ml PBS0. Cells were pelletted for 4 min at 1k rev./min in an Eppendorf centrifuge, the supernatant was removed and the cells were resuspended by gentle tapping. Cells were suspended at 2.5 embryo equivalents per 15 ml in L15 medium. Fifteen microlitre aliquots were dispensed in Eppendorf tubes with frequent mixing of the suspension. If appropriate, cells were preincubated with PKA inhibitors for 30 min at room temperature, and subsequently activators were added. Final volumes were adjusted to 20 ml. Cells were incubated for 2 h at 26°C and subsequently harvested in 150 ml lysis buffer. Luciferase assays were performed as described (Brasier et al., 1989 ) on 75 ml cell lysate.
Capped synthetic dominant negative PKA mRNA (PKI RNA) (Clegg et al., 1987) was prepared as described using SP6 RNA polymerase (Joore et al., 1996) , from a NotI linearized construct containing a dominant negative PKA regulatory subunit (a gift from Dr. U. Strähle). Capped synthetic mRNA encoding the catalytic subunit of PKA was prepared using the Message Machine kit (Ambion) using T7 RNA polymerase from a XbaI linearized construct (a kind gift of Dr. G.S. Mcknight). RNA (150 pg or 350 pg) was injected in 0.5 nl quantities in water into 2-4 cell stage embryos. Similar molar amounts of RNA encoding b-galactosidase or GFP (a gift from M. Molenaar) were injected into control embryos. Expression of b-galactosidase was confirmed with staining of fixed embryos, whereas GFP was evaluated in living embryos.
Whole-mount in situ hybridizations were carried out as described (Joore et al., 1994) . Antisense DIG (Boehringer) labelled probes were full length gsc (Joore et al., 1996) linearized with EcoRI, ntl (a gift from Dr. U. Strähle and Dr. S. Schulte-Merker) linearized with SspI, and eve1 (a gift from Dr. J.S. Joly and Dr. S. Schulte-Merker) and linearized with EcoRI, all synthesized with T7 RNA polymerase.
PKA assays
PKA activity was assayed in digitonin-permeabilized cells, according to a modified PKC assay, described by Heasley and Johnson (1989) . As a substrate, a LRRASLG peptide (kemptide, Sigma) (Maller et al., 1978) , was used.
Fifty thousand cells were incubated in 10 ml L15 at 28.5°C with 20 ng/ml activin or vehicle alone. Following incubation, 30 ml assay mix was added, containing 200 mM LRRASLG peptide, 133 mM ATP, 2.5 mCi g-[ 32 P]dATP (Amersham, 3000 Ci/mmol), 33 mg/ml digitonin and 5 mM EGTA, in 137 mM NaCl, 5.4 mM KCl, 0.3 mM NaH 2 PO 4 , 0.4 mM KH 2 PO 4 , 10 mM MgCl 2 , 20 mM HEPES (pH 7.2), supplemented with 1 mg/ml glucose, 25 mM Na-b-glycerophosphate, 20 mM NaVO 4 and 10 mM NaF. To determine a specific peptide phosphorylation, 10 mM of PKA inhibitory peptide (PKI) (Sigma) was added to the assay mix in parallel samples. After a 10-min incubation at 28.5°C, kinase reactions were stopped with 10 ml of 25% (w/v) trichloroacetic acid. Precipitated protein was pelletted (1 minute, 15 000 g) and the supernatant was spotted on phosphocellulose filters (Whatman P-81). Filters were washed in three changes of 75 mM H 3 PO 4 and one change of 75 mM NaH 2 PO 4 . Subsequently, the filters were dried and counted. The phosphorylation activity in control samples in the presence of 10 mM PKI was subtracted as background (Graves et al., 1993) .
